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Abstract. Autophagy is a key event in cellular recycling
processes due to its involvement in the intracellular degradation
of proteins. It has been demonstrated that S-1-propenylcysteine
(S1PC), a characteristic sulfur compound in aged garlic
extract, induces the activation of autophagy. SIPC degrades
the adaptor protein myeloid differentiation response protein 88
(MyD88) of downstream of Toll-like receptor (TLR) by
activating autophagy in vitro and in vivo. The degradation
of MyD88 inhibits the TLR signaling pathway, including the
phosphorylation of interleukin 1 receptor associated kinase 4
(IRAK4) and nuclear factor (NF)-«xB p65 in vitro, and eventu-
ally leads to the inhibition of interleukin (IL)-6 production
in vitro and C-C motif chemokine ligand 2 (Ccl2) mRNA
expression in vivo. SIPC also increases the level of intestinal
immunoglobulin A (IgA) and the number of IgA-producing
cells in Peyer's patches in vivo. In addition, S1PC triggers
the mRNA expression of X-box binding protein 1 (Xbpl), an
inducer of IgA-producing cell differentiation via the phosphor-
ylation of extracellular signal-regulated kinase (ERK)1/2 and
the degradation of paired box protein 5 (Pax5), a suppressor
of Xbpl mRNA expression. The present review summarizes
the mechanisms through which the activation of autophagy by
S1PC modulates the immune response.
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1. Introduction

Aged garlic extract (AGE) is produced by extracting and aging
garlic slices in an aqueous ethanol solution for >10 months
and has been shown to modulate several immune functions,
such as decreasing inflammatory cytokines and chemokines in
animal models (1-4). In addition, the supplementation of AGE
was previously shown to increase the numbers of yd-T and
natural killer (NK) cells, and to reduce the levels of inflamma-
tory cytokines, such as interleukin (IL)-6 and tumor necrosis
factor (TNF)-a, in a clinical study (5). AGE has been shown to
exert immuno-enhancing and anti-inflammatory effects (1-5).
S-1-propenylcysteine (SIPC), a major characteristic sulfur
compound in AGE, which exhibits good oral bioavailability
in rats and canines (6), has been shown to exert several benefi-
cial effects, such as immunoregulatory, anti-hypertensive and
blood flow-promoting effects (7-10). Moreover, in our previous
recent studies, it was indicated that SIPC promoted intestinal
immunoglobulin A (IgA) production and inhibited lipopoly-
saccharide (LPS)-induced IL-6 production (7,10).

Autophagy is a major degradation system of cellular
components, including abnormal proteins, protein aggregates
and damaged organelles (11-13). In addition, autophagy
maintains cellular homeostasis and regulates various cellular
events, such as signal transduction, cell growth, apoptosis and
differentiation. Autophagy has been shown to regulate the
immune response and immune cell differentiation (14-18). The
inhibition of autophagy prevents monocyte-to-macrophage
differentiation as it contributes to the transition from apoptosis
to differentiation (19). In addition, the regulatory T (Treg)
cell-specific deletion of autophagy-related gene (Atg) 7 trig-
gers the loss of Treg cells by inducing apoptosis and promotes
the development of inflammatory disorders (20). Thus,
autophagy plays an important role in the regulation of immune
developments and functions. The aim of the present review
is to provide a summary and discussion of the mechanisms
responsible for the immunoregulatory effects of SIPC which
are mediated via the activation of autophagy.

2. S1PC induces the activation of autophagy

Autophagy is activated by several stress conditions, such as
nutrient starvation, unfolded proteins and infection (11-13).
Autophagy-mediated proteolysis occurs through different
steps, which include the elongation of the phagophore and
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delivery to lysosomes. These processes are regulated by
several signaling molecules (21,22). SIPC has been shown to
promote the phosphorylation of AMP-activated protein kinase
(AMPK), which is a cellular energy sensor and regulates the
initial steps of autophagy activation (10). AMPK triggers the
phosphorylation of unc-51-like kinase 1/2 (Ulk1/2) and inhibits
the phosphorylation of mammalian target of rapamycin
(mTOR), a repressor of autophagy. These steps initiate the
elongation of the phagophore by phosphorylating the complex
of Beclinl/vesicular sorting protein 34 (VPS34) (21-23).
Following the formation of the autophagosome membrane,
microtubule-associated protein 1 lightchain3 (LC3-I)conjugates
with phosphatidylethanolamine by ubiquitin-like enzymes,
such as Atg7, Atg3 and the Atgl6L:Atg5-Atgl2 complex, and
is converted to lipidated LC3 (LC3-II). LC3-II interacts with
target proteins via adaptor protein p62 on the autophagosome
membrane. The LC3-II/LC3-I ratio usually increases upon the
activation of autophagy (24,25), whereas S1PC has been shown
to increase the levels of both LC3-I and LC3-II. Accordingly,
S1PC can not only promote the conversion of LC3-I to LC3-I1,
but can also increase the production of LC3-1. Subsequently,
the autophagosome fuses with the lysosome and then target
proteins are degraded with LC3-II and p62 (10). SIPC has been
shown to induce the degradation of target proteins and p62 (10).
In addition, both 3-methyladenine (3-MA), an autophagy
inhibitor and compound C, an AMPK inhibitor, have been
shown to block the SIPC-induced activation of autophagy (10).
A schematic diagram of the mechanisms through which SIPC
induces autophagy is presented in Fig. 1. It is thus suggested
that S1PC triggers the activation of autophagy by inducing
AMPK phosphorylation.

3. Anti-inflammatory effects of SIPC

Chronic inflammation is associated with the onset of several
human conditions and diseases, including aging, allergies,
autoimmune diseases, atherosclerosis, cancer, chronic wounds,
cystic fibrosis, metabolic syndrome and obesity (26,27).
The pattern recognition receptors (PRRs) play an important
role in innate immunity and host defense by recognizing
pathogen-associated molecular patterns (PAMPs). However,
PRRs trigger chronic inflammation by consecutively inter-
acting with danger-associated molecular patterns (DAMPs)
released from dying cells (28-30). Toll-like receptors (TLRs),
which are important members of the PRR family, recognize
microbial components and cellular debris (28-30). Therefore,
PRRs recognize not only pathogens, but also cellular compo-
nents. The activation of TLRs recruits myeloid differentiation
response protein 88 (MyD88), a common adaptor protein of
TLRs, apart from TLR3, and IL-1 receptor-associated kinase 4
(IRAK4) to the plasma membrane (30-32). TLR signaling
induces the production of the inflammatory cytokines, IL-6 and
TNF-a, and the chemokines, C-C motif chemokine ligand 2
(CCL2) and C-X-C motif chemokine ligand 8 (CXCLS8) via the
activation of nuclear factor (NF)-«B (34,35). SIPC has been
shown to inhibit IL-6 production by suppressing the TLR
signaling pathway via the degradation of MyD88 (10). In addi-
tion, SIPC blocks the mRNA expression of Ccl2 in the livers
of spontaneously hypertensive rats (SHRs) (10). A schematic
diagram of the mechanisms through which SIPC induces the
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Figure 1. SIPC induces the activation of autophagy. SIPC induces the acti-
vation of the AMPK-ULK axis and triggers the elongation of phagophore.
The Atg7 and Atgl6L complex then catalyze the formation of PE-conjugated
LC3 (LC3-1I). LC3-II interacts with ubiquitinated target protein via adaptor
protein p62. Finally, target protein is degraded by autophagy-lysosome
degradation system. SIPC, S-1-propenylcysteine; AMPK, AMP-activated
protein kinase; ULK, unc-51-like kinase; PE, phosphatidylethanolamine;
LC3, light chain 3.
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Figure 2. S1PC induces the degradation of MyD88 and Pax5 by activating
autophagy. S1PC directly denatures MyD88 and then induces the formation
of protein aggregates by the lysine acetylation and ubiquitination. SIPC
triggers the degradation of MyD88 by inducing AMPK-mediated autophagy
activation. Consequently, the degradation of MyD88 inhibits TLR signaling
pathway (left part of diagram). SIPC induces the phosphorylation of ERK1/2
and triggers AMPK-induced autophagy activation. Pax5 is phosphorylated
by ERK1/2 and then is degraded by autophagy. Therefore, the degradation
of Pax5 induces the expression of Xbpl mRNA and triggered the differen-
tiation of B cells into IgA-producing cells (right part of diagram). S1PC,
S-1-propenylcysteine; MyD88, myeloid differentiation response protein 88;
AMPK, AMP-activated protein kinase; TLR, Toll-like receptor; ERK1/2,
extracellular-regulated kinase 1/2; Pax5, paired box protein 5; Xbpl, X-box
binding protein 1; IRAK4, interleukin 1 receptor associated kinase 4.

IgA-producing cell

Xbp1—* differentiation

Anti-inflammatory effect

degradation of MyD88 and paired box protein 5 (Pax5) by
activating autophagy is presented in Fig. 2. The constituents
of fresh garlic and AGE have been reported to inhibit the
TLR signaling pathway. Alliin, a constituent of fresh garlic,
decreases the LPS-induced phosphorylation of extracel-
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lular signal-regulated kinase (ERK)1/2 in adipocytes (36).
S-allylcysteine (SAC), a constituent of AGE, has been shown
to reduce the production of inflammatory cytokines by inhib-
iting NF-«B phosphorylation (37). The inhibitory effects of
S1PC could be considered to be different from those of other
garlic constituents. SIPC has been shown to degrade MyD88
by activating autophagy (see schematic diagram in Fig. 2) (10).
However, the activation of autophagy alone cannot degrade
MyD88 due to the inability of SAC to induce the degradation
of MyD88, although SAC also activates autophagy (10). SIPC
has been shown to have another distinct feature that directly
denatures and aggregates MyD88, whereas SAC is unable to
denature MyD88 (10). Aggregated MyD88 is modified with
both acetylation and ubiquitination, and forms the histone
deacetylase 6 (HDAC6)-dependent aggresome. Subsequently,
ubiquitin of the aggresome interacts with p62 and is degraded
by the autophagy-lysosome system (10). Thus, as discussed
above, it has been suggested by both in vitro and in vivo studies
that the anti-inflammatory mechanisms of S1PC involve the
degradation of MyD88 by triggering the denaturation of
MyD88 and the activation of autophagy.

4. Immuno-enhancing effects of SIPC

The intestine is the largest tissue of the immune system and is
the first defense line of the body against foreign antigens, such
as infectious pathogens, toxins and food allergens (38,39). IgA
is the most abundant secreted antibody involved in protecting
intestinal epithelial cells (40). Immunoglobulin class switching
fromIgM to IgA isinduced by the action of both cell-cell contact
and cytokines in Peyer's patches (PPs) and becomes rapidly
plasmablasts. The oral administration of SIPC has been shown
to increase the intestinal IgA level and IgA-producing cells in
PPs (7). In addition, SIPC has been found to act on B cells and
increase IgA production by promoting the differentiation of B
cells into IgA-producing B cells in vitro. Therefore, SIPC is
more likely to promote the expression of transcription factors
related to immunoglobulin class switching. Several tran-
scription factors, including X-box binding protein 1 (Xbpl),
and B cell-induced maturation protein-1 (Blimpl) regulate
immunoglobulin class switching (41). SIPC increases the
expression of Xbpl mRNA in vitro and in vivo, whereas the
mRNA expression of Blimpl is not affected. Xbpl requires
the formation of pre-plasmablasts, the early process of plasma
cell differentiation that is independent of Blimpl function. It
is possible that SIPC induces the early process of plasma cell
differentiation. The mRNA expression of Xbp] is repressed by
Pax5. It is known that ERK1/2 triggers the degradation of Pax5
by inducing its phosphorylation (41). SIPC has been found to
induce the degradation of Pax5 by enhancing ERK1/2 phos-
phorylation (see schematic diagram in Fig. 2) (7). Therefore,
on the whole, it is suggested that SIPC induces the degradation
of Pax5 by activating both ERK1/2 and autophagy, and then
triggers the differentiation of B cells into IgA-producing cells
by increasing the mRNA expression of Xbpl.

5. Conclusions and future perspectives

S1PC, a major characteristic sulfur compound in AGE,
induces the activation of autophagy via the phosphorylation
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of AMPK. The activation of autophagy regulates the immune
response through the degradation of key molecules. SIPC has
been shown not only to induce the activation of autophagy,
but also to trigger the post-translational modification of target
proteins. Thus, it is suggested that SIPC selectively induces the
degradation of proteins. In addition, it is suggested that SIPC
exerts immuno-enhancing and anti-inflammatory effects, and
may contribute to the maintenance of immune homeostasis by
regulating autophagy.
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